Remarkable diversity of diatom taxa occurs in intertidal sand-flats of the Nakdong River estuary, one of the most dynamic and productive ecosystem in Korea. Benthic diatoms were collected from the sandy sediments to clarify the taxonomic accounts and distribution of the old genus Navicula, i.e., the naviculoid flora. Total 92 taxa belonging to Navicula sensu stricto and 22 genera separated from Navicula sensu lato are reported with brief descriptions and micrographs, and many species remain unidentified. The genera are ranked by the number of diatom species: Navicula of 33 species and varieties, Fallacia of 17 species, Placoneis of five species, Fogedia and Parlibellus of four species, Austariella, Hippodonta and Petroneis of three species, Cosmioneis, Diadesmis, Luticola, Moreneis and Sellaphora of two species and variety, Berkeleya, Chamaepinnularia, Cocconeiopsis, Diademoides, Dickieia, Eolimna, Geissleria, Haslea, Lyrella and Mayamaea of one species. Through 32 samplings of the 12 areas, the important species were identified Navicula perminuta, N. gregaria, N. torneensis, Fallacia cunoniae, F. litoricola, F. subforcipata, F. tenera. The naviculoid diatoms constitute an average of 27% (range: minimum to maximum, 5−75%), of the benthic diatom assemblages. The diatom assemblages are characterized by the colonizing of a few dominant or frequent species and many occasional or rare species. The dominant species were observed to fluctuate with sampling site and time. Among the reported naviculoid diatoms, 46 taxa are newly reported in Korea.
INTRODUCTION
Many non-planktonic diatoms occur in estuarine and coastal areas, and they are usually confined to intertidal zones. They also live in a variety of substrates, including plants and macroalgae (epiphyton), stones and rocks (epilithon), and sediment or other non-living surfaces (periphyton) (Round 1971) . Diatoms associated with sediments are further subdivided into those that attach to sand grains (epipsammon) and those that colonize the surface of the silty sediment (epipelon). Intertidal mudand sand-flats or salt marshes along the coast and estuaries are especially suitable habitats for diatoms associated with sediments, because sufficient nutrient and irradiance are available. As epibenthic assemblages of diatoms exhibit great species diversity in the intertidal areas, many sudies have shown the presence of diverse diatom taxa in the intertidal zones, in Beaufort, North Carolina (Hustedt 1955) ; Göteborg on the west coast of Sweden (Aleem 1973) ; Yaquina Estuary, Oregon; and Scripps Beach, California (Amspocker 1977a (Amspocker , 1977b , in Northeast Asia (Park et al. 2012) , in tropical area (Mitbavkar and Anil 2002) , and even in Antarctica (Al-Handal and Wulff 2008) .
Intertidal sediments along coast and estuary are the clarification of the Navicula diatom flora occurring in intertidal sand-flats. In addition to the detailed morphological presentations, the nomenclature and taxonomic status of the benthic diatoms are to be presented. Temporal and spatial distributions of benthic diatoms in sand flats were investigated. Such a study will provide insights into the ecological characteristics and dynamics of microbenthic assemblages in intertidal areas.
MATERIALS AND METHODS

Sampling sites
In the mouth of the Nakdong River, tidal flats extend up to 10 km from the coastal sea-line and 3.8 km in width (Fig. 1) . A plain, with nearly no altitude, no inclination, and ca. 40 km 2 of surface area (35°04′−35°08′N, 128°85′−128º96′E), is formed below the estuarine barrage. An estuarine barrage was constructed in 1987 to prevent the intrusion of sea water and to secure a water resource for agricultural irrigation, industrial use, and drinking water. Six bars, each of which is an elongated ridge of sand, are lined along the coastline. Sand bars, tidal flats between sand bars, and beaches at the marginal area of the most productive in aquatic and terrestrial ecosystem (Odum 1956) , and the algal production in this area contributes significantly to the energy flow of the ecosystem (Pomeroy 1959) . Benthic algae have been recognized as important primary producers and play an important role in the ecology of marine littoral regions. Intertidal sediments in coasts are rich in flora and high in abundance of taxa belonging to the biraphid diatoms, particularly Navicula sensu lato (Hustedt and Aleem 1951 , Amspocker and McIntire 1978 , Mitbavkar and Anil 2002 , Hauboisa et al. 2005 ). The Nakdong River estuary is reported to be the most productive in Korean ecosystems by Korean ecologists, in the research supported by the International Biological Program (IBP) (Kim et al. 1972 , Kim et al. 1982 .
Microalgal studies in this estuarine area, to date, have been on the plankton or tychoplankton species, while benthic diatoms have been scarcely studied or ignored. The diatom flora in this area has already been shown in the doctoral thesis of Cho (1988) . However, the data have not yet been published in journal articles, because a number of the reported taxa remain unidentified. The biomass and diversity index of benthic algae are recently reported by Du et al. (2009) , and some species compositions of the genera Amphora and Navicula are shown.
The current study aims to contribute to the taxonomic 
RESULTS
The 92 diatom taxa belonging to the old genus Navicula were observed in the intertidal sand-flats of the Nakdong River estuary. They include the genus Navicula sensu stricto and the revised genera separated from the genus Navicula sensu lato. The frustule dimensions, occurrence frequency, and relative abundance of each taxon are given in the description of each species. The abundance of each taxon was presented as the dominance percentage of the naviculoid diatoms. Occurrece frequency of species among the naviculoid diatoms was divided into five ranks, including common (>18 occurrences in 32 sediment samples), frequent (10−17 occurrences), occasional (5−9), rare (3−4) and very rare (1−2). The taxonomic authorities of the taxa were added to the descriptions as well. The cellular dimensions are provided for local specimens, and the length (L) and breadth (B) of the valves and the stria numbers (S) in 10 μm in the middle parts of the valve are shown. Additionally, the stria numbers in middle and in ends of the valve are divided using a tilde mark (~). The taxa are arranged in alphabetical order, but the photographic plates are arranged according to morphological affinity. Most SEM observations were made at x2000 magnification. On the diatom list (see below), the newly recorded 46 taxa in Korea are marked with an asterisk (*) in the front of each scientific name. (Witkowski et al. 2000, p 154, pl. 66: 5−9 Fig. 22 ) (Witkowski et al. 2000, p 155, pl. 66: 1−3, 10−12) . Basionym: Navicula jamalinensis Cleve in Cleve and Grunow 1880. L: 9−23 μm; B: 5−9.5 μm; S: 12−13/10. Rare, occurrimg in two samples from the MOL beach and SON sand flat. Newly reported species in Korea. 3. Austariella sp. 69 (Pl. 4, Fig. 23 ). This species is similar to A. jamalinensis except irregular rows of puncta on the axial area of the valve. Rare, occurring only on the southern slope of the DOY sand bar.
Austariella
coast are associated as well in the area. But the sand bars have been influenced by the erosion and sedimentation by current and flows, and they are not stable. Topography along coastline changes frequently in spatial and temporal scales. Tidal flats are outspread between the sand bars and are partially covered with halophyte vegetation. The estuarine area that is visited by migratory birds is designated as a natural monument and a protection area by the government. This area is a microtidal estuary with the maximum tidal amplitude of 2 m during the spring tide. Sampling sites can be divided into two areas, sand bars off the shore and beaches along the shore. Particularly, the YEN site is in the estuary of a stream and is under the strong influence of freshwater, while the DAD and MOL site under the sea water. The 32 samples have been collected from the six zones, JIN, SIN, DOY, JAN, NAM and BAK, at sand bars, and six areas, MOL, DAD, YEN, MYN, JID and SON, at the beach (Fig. 1) . The diatom materials have been collected for a long times, in 1986, 1991, 2007 and 2013 .
Specimen preparations
The sands or sediments were collected at a depth of 0.5 cm from the surface by using a cylinder (3.0 cm in diameter). The size of the sediment grain in the sand bars ranged from 0.16 mm to 0.27 mm (mean 0.18−0.23 mm) (Kim et al. 2007 ). The sand materials were oxidized using nitric acid and potassium dichromate in a sand bath, followed by repeated washing with distilled water. Diatoms were observed under oil immersion by using two types of light microscopes, including an Olympus Provis AX2 microscope (Olympus, Tokyo, Japan), equipped with differential interference contrast (DIC) optics and an Axioplan microscope (Carl Zeiss, Oberkochen, Germany). Diatom frustules were counted from 300 to 350 for each sample, and the frequency and relative abundance of each species were determined. Some specimens were observed under a scanning electron microscope (SEM) to clarify the identification. The cleaned diatom frustules were dried on small coverslips, which were attached to aluminum stubs and coated with a deionized gold spray. SEM observations were made using the Hitachi S-4200 SEM (Hitachi, Tokyo, Japan). Various literatures were used as references for diatom identification. Taxonomic authorities referred were as follows: Hustedt (1961 Hustedt ( -1966 , Krammer and Lange-Bertalot (1986) , Sabbe et al. (1999) , Witkowski et al. (2000) , LangeBertalot (2001) , Park et al. (2012) and other literatures. 1990 (Pl. 6, Fig. 4) . Synonym: Diadema luxuriosa (Greville) Kemp & Paddock 1989 (Kemp and Paddock 1989, p Round et al. 1990 (Pl. 4, Figs. 15, 16 14. *Fallacia amphipleuroides (Hustedt) Mann in Round et al. 1990 (Pl. 6, Fig. 15 ) (Witkowski et al. 2000: 200, pl. 71: 43, 44 (Hustedt 1961 (Hustedt -1966 (Witkowski et al. 2000, p 209, pl Round et al. 1990 (Pl. 7, Figs. 25, 26) . Basionym: Navicula gemmifera Simonsen 1960 (Hustedt 1961 (Hustedt -1966 (Hustedt , p 543, fig. 1580 Round et al. 1990 Plate 2. Figs. 1, 2 . Navicula luciae. Fig. 3. N. rostellata. Fig. 4. N. amphiceropsis. Fig. 5. N. eidrigiana. Fig. 6. N. digitoconvergens. Figs. 7, 8. N. cincta. Figs. 9,   10. N. cancellata. Figs. 11, 12. N. iserentantii. Figs. 13, 14. N. directa. Fig. 15. N 
Lyrella Karayeva 1978
42. *Lyrella clavata (Gregory) Mann in Round et al. 1990 (Pl. 5, Fig. 7 ) (Witkowski et al. 2000, p 231, pl. 97: 6) . Basionym: Navicula clavata Gregory 1856 (Hustedt 1961 (Hustedt -1966 fig. 1509a Fig. 7 . N. aff. besarensis. Fig. 8 . P. rhombica. Fig. 9 . Placosneis constans. Figs. 10, 11. P.
clementis. Fig. 12 . P. clementioides. Fig. 13 . P. neglecta. Fig. 14. Geissleria decussis. Figs. 15, 16 . Sellaphora pupula. Fig. 17 . S. rectangularis. Fig. 18 . Navicula flabellata. Scale bar, 10 μm. Hippodonta avittata. Fig. 13. H. linearis. Fig. 14. H. hungarica. Figs. 15, 16. Diadesmus contenta. Fig. 17. Fogedia heterovalavta. Fig. 18. F. krammeri. Fig. 19. F.  giffeniana. Fig. 20. F. finmarchica. Fig. 21. Austariella admissa. Fig. 22. A. jamalinenesis. Fig. 23. Austariella sp. 69. Figs. 24, 25 . Berkeleya scopulorum (Fig. 24,  x400 ; Fig. 25, x1500) . Fig. 26. Haslea spicula. Fig. 27. Cocconeiopsis kantsinensis. Fig. 28 . Moreneis sp. 01. Scale bars, 10 μm. (Witkowski et al. 2000, p 315, pl. 136: 27−33) . L: 9−11.5 μm; B: 4−4.5 μm; S: 15/10. Commonly, occurring in many samples, and Abundance orders are as follows, the SON (14%), DAD (10%), BAK (4%) and DOY (3%). Newly reported species in Korea. 75. Navicula alpha Cleve 1893 (Pl. 5, Fig. 12 ) (Hustedt 1961 (Hustedt -1966 Round et al. 1990 (Pl. 5, Fig. 9 ) (Witkowski et al. 2000, p 328, pl. 102: 1 
Placoneis Mereschkowsky 1903
86. Placoneis clementis (Grunow) Cox 1987 (Pl. 3, Figs. 10, 11) . Basionym: Navicula clementis Grunow 1882 (Krammer and Lange-Bertalot 1986, p 139, pl. 47: 1−9) . L: 22−38 μm; B: 11−15 μm; S: 8/10 ~ 13/10. Occasionally, occurring in eight samples from the DOY, NAM, JAN, and YEN sand flat; the abundance is ≤6%. 87. *Placoneis clementioides (Hustedt) Cox 1987 (Pl. 3, Fig. 12) . Basionym: Navicula clementioides Hustedt 1944 (Krammer and Lange-Bertalot 1986, p 140, pl. 48: 3−8) . L: 22 μm; B: 8.5 μm; S: 14/10 ~ 18/10. Very rare, occurring on the northern slope of the NAM. Newly reported in Korea. 88. *Placoneis constans (Hustedt) Cox 2003 (Pl. 3, Fig. 9) .
Basionym: Navicula constans Hustedt 1944 (Krammer and Lange-Bertalot 1986, p 140, pl. 48: 10−14) . Synonym: Navicula neglecta Krasske 1929 (Krammer and Lange-Bertalot 1986, p 136, pl. 46: 8, 9 Fig. 18 ) (Schmidt 1936, pl. 405: 12) . Plate 7. Figs. 1, 2. F. cryptolyra. Figs. 3, 4. F. schoemaniana. Fig. 5. F. plathii. Figs. 6, 7. F. dithmarsica. Figs. 8−11. F. tenera. Figs. 12−15. F. florinae. Fig. 16. F. nyella. Fig. 17. F. pygmaea. Figs. 18−20. F. omissa. Figs. 21, 22. F. cunoniae. Figs. 23, 24. F. sp. Figs. 25, 26 . F. gemmifera. Scale bar (Figs. 1-26 the mean number is 27%. Although a few unidentified diatoms are illustrated in this floristic study, the more diatoms remain unidentified.
DISCUSSION
The naviculoid diatoms in the sandy sediment of the Nakdong River estuary are abundant, and the floral compositions are highly diverse. The floral composition at the Nakdong River estuary show great similarity to those of the other regions (e.g., northern and eastern Europe (Hustedt and Aleem 1951 , Aleem 1973 , Ribeiro et al. 2003 and northern America (Amspoker 1977a). The Fallacia species at the Nakdong are more diverse than in at any other region. The benthic diatom assemblages in this study are characterized by the colonization of a few dominant or frequent species and many occasional or rare species. In particular, the Navicula sensu stricto and Fallacia taxa are the most rich in naviculoids flora and the most abundant in cell counts. Fallacia is known to be the most diverse component of benthic assemblages in brackish and marine sand-flats worldwide (Sabbe et al. 1999) . Naviculoid species compositions of diatom assemblages are not stable across the sampling sites and times, being dominated by same taxa throughout the sampling periods, and fluctuations of the dominant taxa are more pronounced in the local area.
Navicula gregaria is one of the most important species at the Nakdong, and has been reported as the leading species in many countries (Round 1960 , Amspoker 1977a , Sabbe 1993 , Underwood et al. 1998 , Ribeiro et al. 2003 , Underwood and Barnett 2006 . This species is tolerant of nutrient-rich conditions or eutrophication under the effects of discharge from sewage treatment plants (Agatz et al. 1999) . This diatom taxon is classified as an oligohaline, a highly mobile, and epipelic species rather than an attached form (Sabbe 1993) . N. perminuta has been recorded as the dominant taxon in many regions (Méléder et al. 2007) , and Fallacia tenera has also been reported as important species in the some localities (Méléder et al. 2007) . Dominant taxa, which are highly ranked in frequence and abundance, show the wide range of morphological variations, particularly, in the dimensions and strial punctas on the valve are varied. They are Navicula and Fallacia group, e.g., N. gregaria, N. perminuta, N. torneenensis and Fallacia tenera. In addition to the naviculoid taxa, the overall diatom assemblages of this estuary exhibited a high diversity in floral composition and are composed of > 450 taxa, in- Ninety-two naviculoid diatom species are encountered through the sampling periods. They are found to belong to 23 genera, which included the old genus Navicula, but is currently revised as a new genus. The richest genera containing many species are ordered in decreasing order as follows: Navicula of 33 species and varieties, Fallacia of 17 species, Placoneis of five species, Fogedia and Parlibellus of four species, Austariella, Hippodonta and Petroneis of three species, Cosmioneis, Diadesmis, Luticola, Moreneis and Sellaphora of two species and variety, Berkeleya, Chamaepinnularia, Cocconeiopsis, Diademoides, Dickieia, Eolimna, Geissleria, Haslea, Lyrella and Mayamaea of one species. The dominant species in all 32 samples in 12 areas in the estuary are Navicula perminuta, N. gregaria, N. torneensis, and Fallacia subforcipata. The important diatom groups in the naviculoid diatom flora, dominant at least in one sample, include eight taxa (i.e., Navicula salinarum, Navicula viminoides, Fallacia cunoniae, F. litoricola, F. tenera, Fallacia pygmaea, Navicula forcipata var. densestriata, Navicula erifuga). The abundance of each species fluctuates depending on the sampling site, and abundance in a certain sampling site varies depending on the season. Some species are found in only one sample and observed by a single individual. As this study focuses on the naviculoid diatoms, the occurring percentages of the naviculoids in the diatom assemblages range widely from 5% (on the southern slope of the DOY sand bar) to 75% (on the northern slope of the DOY sand bar); sive studies and frequent samplings, ≥ 390 taxa have been counted by microscopic observations (Hustedt 1939 , Amspocker 1977a . However, lower floristic compositions, from 74−97 taxa, have been reported by some studies of benthic sediments in coastal areas (Round 1960 , Stidolph 1985 , Kosugi 1987 , Sabbe 1993 , Méléder et al. 2007 .
It is found that the benthic diatom assemblages are composed of diverse taxa in the naviculoid group as well as in the community level, and they are attached or motile forms. The dynamic environments in the estuary would support the diversity of the diatom assemblages. The present study will directly provide an assistant to the identification of diatom taxa and contribute to the ecological interpretation of the microphytobenthos in the intertidal area.
